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Abstract Temporary threshold shifts (TTSs) in vibrotactile perception produced by continuous vibration and repetitive shock have been investigated. Subjects were exposed to vertical hand-transmitted 100 Hz continuous vibration and various repetitive shocks of equal energy content formed from one complete cycle of a 100 Hz sine wave. The repetition rate of the cycles was 5, 25, 50, or 100 s-1 while the root-mean-square (rms) acceleration measured over exposures of five minutes was held constant at 2 5, 5, or 10 ms' rms (weighted according to British Standard (BS) 6842 and International Standard (ISO) 5349). A control condition with no vibration was also included. Subjects held a handle with 10% of their maximum hand grip force. When exposed to five shocks per second at each of the three frequency-weighted acceleration magnitudes the subjects developed a small TTS. Exposure to 100 shocks per second (continuous vibration) at each of the three frequency-weighted acceleration magnitudes caused a large TTS, although the total frequency-weighted energy was the same as when exposed to five shocks per second. The relation between the TTS, the logarithm of the shock repetition rate, and the logarithm of the frequency-weighted rms acceleration was described by the relation TTS Figure 1 shows examples of the desired acceleration time histories with the stimuli having equal frequency-weighted rms acceleration.
The stimuli were generated using the HVLab computer system. '5 The eight hour energy equivalent frequencyweighted rms acceleration for an exposure to a single period of constant rms frequency-weighted acceleration, ahW, of duration t seconds is given by:
where T8 is 28 800 s (eight hours), ahW is the constant rms frequency-weighted acceleration, and t(s) is the duration of the single period of constant rms frequency-weighted acceleration (The four hour energy equivalent frequency-weighted rms acceleration can be calculated by substituting T(4) (14 400 s) in place of T (8)). vibrating handle was measured with the HVLab system, which was calibrated using a vibration reference source (Bruel and Kjaer type 4292). The accelerometer signals were conditioned by a charge amplifier (Kistler 5001) and low pass filtered at 1260 Hz to prevent aliasing and then digitised by a 12 bit analogue to digital converter at a rate of 5000 samples per second. Analysis of digitised vibration data was also carried out with the HVLab software package. Acceleration time histories of three seconds duration were used to calculate power spectral density functions. The power spectra had a resolution of 2-46 Hz and 32 degrees of freedom.
For good reproduction of the desired acceleration waveforms it was necessary to compensate for the response of the vibrator. Equalisation was performed by the following method. At the first step, the vibrator transfer function was measured with the HVLab system. The system's impulse response h(t) was convolved with the input signal w(t) to obtain the output signal p(t):
Because direct calculation of this convolution is lengthy, it is preferable to work in the frequency domain, for which the equation becomes:
where P(f), W(f) and H(f) are Fourier transforms of the time histories p(t), w(t), and H(t) respectively. The transfer function, H(f) of the vibrator was thereby calculated. The following calculation was then performed:
where A(j) is the spectrum required to general a flat spectrum on the vibrator. The required time function to be introduced into the system was then calculated from the required shock signal s(t) and the impulse response of the spectrum A(f):
x(t) = s(t). Imp{A(f)} where s(t) is the shock signal and Imp signifies the impulse response calculation of the spectrum. Hw(f) is the weighting function such as that specified in ISO 5349.1 Octave band rms values for centre frequencies from 8 to 1024 Hz were also calculated from the spectral density functions. Figure 3 shows the graphs of the octave band analysis as a function of frequency. The spectral content was similar for all stimuli but with increasing low frequency content as the shock repetition rate reduced.
SUBJECTS
Four subjects aged 22 to 31 participated in the study. All were healthy male research workers at the University of Southampton with no history of neuromuscular or vascular disorders, and who had not suffered any serious injuries to the upper extremities. No subject had previous occupational experience operating powered hand tools. Table 2 summarises subject hand strength and anthropometry. All subjects were men. Table 3 shows the threshold shifts. Although the frequency-weighted "energy" was equal for all 12 vibration stimuli, the TTS after exposure to vibration clearly depended on the shock repetition rate. The TTS decreased for decreasing shock repetition rates from 100 s-' to 5 s-1 for each of the three levels of frequency-weighted rms acceleration. Compared with the control condition in which subjects clasped the handle but were not exposed to vibration, the exposure to vibration induced a significant (p < 0-05) increase in TTS according to the test of the difference between means for independent groups (see fig 4) . The one exception was with the lowest shock repetition rate of 5 s-1 and the lowest acceleration magnitude of 2-5 ms-2 rms. Table 4 shows the result of multifactor analysis of variance. The effect of the magnitude of the frequency-weighted rms acceleration was statistically significant (p < 0-01). The effect of the repetition rate was also statistically significant (p < 0-01). The subject effect was statistically significant (p < 0 05) and may be partially due to the difference in the maximum hand grip force of each subject. This affected the grip used in the experiment and may have altered the vibration transmitted to the hands of different subjects. vibration sense thresholds were measured differently, the TTSs for 100 Hz vibration (a shock repetition of 100 s-') are similar to those in the present study. Maeda and Kume'°have proposed a prediction equation for the TTS after exposure to stationary vibration having an arbitrary spectral shape. Table 6 shows a comparison of the measured TTSs with the results calculated according to the method of Maeda and Kume.'0 Although the equation can predict the TTS after exposure to stationary vibration having an arbitrary spectral shape it does not predict the results of the present study.
Discussion
In Table 3 , the TTS after exposure to shocks is seen to be much less than after exposure to continuous vibration, even though the frequency-weighted energy applied to the hand by the shocks and the continuous vibration was the same. The principal difference between the stimuli may be the amount of recovery between successive shocks: perhaps the faster rate of repetition does not allow recovery before the ensuing shocks cause a greater amount of TTS.
When the frequency-weighted vibration magnitude was constant according to British and International standards, the effects on vibratory sensation threshold should have remained constant if the weighting system was effective at preventing neurological impairment. The results indicate that the vibration frequency weighting and time weighting did not account for the effects of hand-transmitted shock on the TTS. The result of this experiment suggests that the equal energy hypothesis underlying both BS 6842 and ISO 5349 is an inappropriate basis for predicting the TTS produced by exposure to repetitive shock vibration.
Alternative methods were considered for the growth of TTS with increasing repetition rate when there is equal frequency-weighted rms acceleration.
It was assumed that there was a linear relation between the TTS (measured in dB), the logarithm of the shock repetition rate, and the logarithm of the frequency-weighted rms acceleration. This was approximated by the following equation:
where a0, al, and a2 are the coefficients of the regression equation, R is the repetition rate, and ahW is the frequency-weighted rms acceleration. Linear regression analysis was conducted on the measured TTS values as a function of the shock repetition rate, R, and the frequency-weighted rms acceleration, ahW.
The regression equation was given by: TTS= -16-256+ 11 812 logloR+15 179. logloahw Table 7 compares the measured TTS with that predicted by the regression equation. Figure 5 shows the relation between the TTS, loglo R and ahW. The multiple correlation coefficient (r = 0 9794) was highly significant (p < 0-01).
The comparative importance of shocks and continuous vibration in the production of the various vibration injuries is not well understood but there is with the effect of vibration magnitude, the repetition rate is more important than implied by an energy time-dependency.
The physiological mechanisms responsible for the present results are not clear. It would seem useful to conduct further research on the TTS after exposure to shock vibration with variable repetition rates, variable frequency-weighted rms acceleration, and variable vibration frequency.
Knowledge of the influence of many physical parameters, such as the spectral content, the duration, the waveform, the repetition rate, the exposure time, the vibration magnitude, the grip force, and the contact area, is required if safety criteria for handtransmitted repetitive shock and vibration relevant to neurological disorders are to be properly established.
Conclusion
The study investigated the TTS produced by continuous vibration and repetitive shock. The conclusions are: (1) when the vibration transmitted to the hand by repetitive shocks and continuous vibration had equal frequency-weighted rms acceleration (weighted according to ISO 5349' and BS 68422) the TTSs after vibration exposure were not of equal magnitude. (2) The rate of repetition of shocks is a significant variable in determining the TTS. (3) The equal energy hypothesis underlying ISO 5349 and BS 6842 is an inappropriate basis for predicting the TTS produced by repetitive shocks. (4) The growth of TTS after exposure to hand-transmitted repetitive shock having a constant frequency-weighted rms acceleration is proportional to the logarithm of the shock repetition rate. (5) The TTS decreases when the frequency-weighted rms acceleration is held constant and the shock repetition rate is decreased.
Appendix A These are instructions that were given to the subjects taking part in the experiment on the exposure of continuous and shock vibration to the hand.
INSTRUCTIONS TO SUBJECTS
The aim of this experiment is to clarify the relation between the effects of hand-transmitted continuous and shock vibration on temporary threshold shift of fingertip vibratory sensation.
Before the vibration exposure, the vibratory sensation threshold and the maximum grip force of your hand will be measured.
You will be seated with your left forearm laid on a horizontal armstand and clasping the vibrating handle.
Vibration will be applied to the left hand through a handle attached to an electrodynamic vibrator for five minutes. The handle will vibrate at a frequencyweighted rms acceleration of 2-8 ms-2 rms.
Your task is to clasp the vibrating handle with 10% of your maximum grip force during vibration exposure. After five minutes vibration exposure, the vibratory sensation threshold ofyour fingertip will be measured.
You may stop the experiment at any time by pressing the STOP button.
Thank you for taking part in this experiment. 
